Bax is activated and translocated onto mitochondria to mediate cytochrome c release and apoptosis. The molecular mechanisms of Bax activation during apoptosis remain a subject of debate. We addressed the question of whether reactive oxygen species could directly activate Bax for its subsequent translocation and apoptosis. Using the SW480 human colon adenocarcinoma cell line stably expressing Bax fused to GFP, we showed that H 2 O 2 induces Bax conformational change, mitochondrial translocation, and subsequent oligomerization at mitochondria. We found that H 2 O 2 -induced Bax activation is dependent on the conserved cysteine residue 62 of Bax. Mutation of cysteine 62, but not cysteine 126, to serine or alanine abolished its activation by H 2 O 2 but not other death stimuli, both in SW480 and Bax-deficient HCT116 cells, whereas wild type Bax sensitizes these cells to apoptosis. Cysteines of Bax could chemically react with H 2 O 2 . Mutation of Bax BH3 domain in the presence of cysteine 62 also abolished Bax proapoptotic activity. We conclude that reactive oxygen species could be a direct signal for Bax activation by reacting with cysteine residues. Our results identify a critical role of cysteine 62 in oxidative stress-induced Bax activation and subsequent apoptosis.
Bax is activated and translocated onto mitochondria to mediate cytochrome c release and apoptosis. The molecular mechanisms of Bax activation during apoptosis remain a subject of debate. We addressed the question of whether reactive oxygen species could directly activate Bax for its subsequent translocation and apoptosis. Using the SW480 human colon adenocarcinoma cell line stably expressing Bax fused to GFP, we showed that H 2 O 2 induces Bax conformational change, mitochondrial translocation, and subsequent oligomerization at mitochondria. We found that H 2 O 2 -induced Bax activation is dependent on the conserved cysteine residue 62 of Bax. Mutation of cysteine 62, but not cysteine 126, to serine or alanine abolished its activation by H 2 O 2 but not other death stimuli, both in SW480 and Bax-deficient HCT116 cells, whereas wild type Bax sensitizes these cells to apoptosis. Cysteines of Bax could chemically react with H 2 O 2 . Mutation of Bax BH3 domain in the presence of cysteine 62 also abolished Bax proapoptotic activity. We conclude that reactive oxygen species could be a direct signal for Bax activation by reacting with cysteine residues. Our results identify a critical role of cysteine 62 in oxidative stress-induced Bax activation and subsequent apoptosis.
Bcl-2 family proteins constitute a central checkpoint for apoptotic pathways. Upon death stimulation, the cytosolic proapoptotic proteins, such as Bax, translocate onto mitochondria, where it interacts with and neutralizes the antiapoptotic proteins Bcl-2/Bcl-x L , which serve as a gateway for cytochrome c (cyt c) 5 release and the apoptotic cascade (1) . Bax contains three functional domains (BH1, BH2, and BH3) in addition to a transmembrane domain. Despite the presence of membrane localization domain, Bax resides primarily in the cytosol and requires an initial activation step to promote its translocation to the mitochondrial outer membrane (MOM) (2) (3) (4) . The mechanisms of Bax activation and translocation remain a subject of debate. Mutational studies with Bax suggest that Bax translocation to the MOM during apoptosis involves the unfolding of the hydrophobic C-terminal end (i.e. helix ␣9, ␣H-9) from its hydrophobic groove and a change in the conformation in the N terminus of the protein (2) . Thus, Bax appears to undergo one or more conformational changes during its activation, leading to its anchoring in the MOM and its oligomerization (5) . An additional step, the disruption of an electrostatic bond between Asp-33 (H␣1), Lys-64, and Leu-70 (within the BH3 domain), results in Bax being addressed to the mitochondria (6) . These studies are important for understanding how Bax is activated. However, it remains to be determined if this type of activation is physiologically relevant, since some of these mutations may result in the irreversible alteration of the conformation of the protein and constitutive activation.
Critical questions remain regarding how apoptotic stimuli and the intracellular environmental cues trigger Bax conformational change and subsequent activation during the onset of apoptosis. A high pH has been reported to promote conformational change (7) . However, other studies, including ours, show a decrease in pH during apoptosis (8, 9) . Also, an NMR study did not support pH being involved in the structural rearrangement or change of the aggregation state of Bax in solution (10) . BH3-containing proapoptotic molecules, such as Bim and Bid, could bind to and activate Bax. However, in some systems, the direct interaction between these proapoptotic molecules could not be detected, at least in cytosol. Instead, Bim and Bid could interact and neutralize Bcl-2, Bcl-x L , and/or Mcl-1, leading to Bax release from its antiapoptotic partners and activation (11) .
Reactive oxygen species (ROS) could signal for apoptosis (3) . Most studies point out that ROS exert their nonspecific damaging effects on DNA and proteins, which activate multiple signaling pathways for Bax transcription and activation (12) . Intracellular ROS or perturbation of the intracellular redox could be the upstream factors for Bax translocation and homooligomerization in the apoptotic pathway (8, (13) (14) (15) ; Bax translocation was found to be associated with the superoxide anion production linked to respiratory chain inhibition and uncoupling of mitochondrial respiration (and H 2 O 2 as a secondary product) (16) . H 2 O 2 is a strong activator of c-Jun N-terminal protein kinase, which can phosphorylate Bax prior to its translocation to mitochondria and apoptosis (17) . It remains to be determined if intracellular H 2 O 2 could directly activate Bax. We here tested whether ROS is a direct signal for Bax activation during H 2 O 2 -induced apoptosis. Specifically, we sought to understand whether the two conserved cysteines (Cys-62 and Cys-126) mediate Bax conformation change, mitochondrial translocation, and oligomerization in response to H 2 O 2 . Experiments in a colon cancer cell line and Bax knockout HCT116 cells showed that oxidation of cysteine 62 could lead to the conformational change and redox-dependent proapoptotic activity of Bax.
EXPERIMENTAL PROCEDURES
Materials-H 2 O 2 , xanthine (X), xanthine oxidase (XO), N-acetyl-L-cysteine (NAC), campothecin, S-nitroso-Nacetylpenicillamine anti-actin (A-5411), and anti-Bax 6A7 monoclonal antibody were purchased from Sigma. Manganese (III) tetrakis (N-methyl-2-pyridyl) porphyrin was purchased from Alexis Biochemicals (San Diego, CA). Disuccinimidyl suberate was obtained from Pierce. Anti-GFP (B-2, sc-9996) monoclonal and anti-Bax (N-20, sc-493) were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Anti-caspase 3 polyclonal antibody was obtained from Cell Signaling Technology, Inc. Anti-cyt c and polyclonal Bcl-x L antibody were from BD Biosciences PharMingen (San Jose, CA). DAPI and MitoTracker Red CMXRos were purchased from Molecular Probes, Inc. (Eugene, OR).
Plasmids-The mammalian expression vector encoding human Bax (pEGFP-C3-Bax) constructs was obtained from R. Youle (National Institutes of Health, Bethesda, MD). Bcl-x L was inserted into pCDNA 4-TO/B. The Bax site-directed mutant constructs were made using the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA). The following primers were used to generate the site-directed mutant constructs used in this study: Cys/Ser-62 (C62/S) sense, 5Ј-CACCAAGAAGCTGA-GCGAGTCTCTCAAGCGCATCGGGGACG-3Ј; C126S forward, 5Ј-GGCCCTGTGCACCAAGGTCCCGGAACTGATCA-GAACC-3Ј.
Cell Culture and Transfection-SW480 and HCT116 (Bax Ϫ/Ϫ ) cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (Hyclone) and 1% penicillin-streptomycin at 37°C under 5% CO 2 . To establish Bax-stable transfectants, SW480 cells were transfected with pEGFP-C3-Bax and Bax mutant plasmid DNA, and positive clones overexpressing Bax were selected with 1 mg/ml G418 as described previously (13, 18) . HCT116 (Bax Ϫ/Ϫ ) cells were placed on 6-well tissue plates and then transfected with the appropriate plasmid DNA using the protocol described by the manufacturer. Typically, 1 g of plasmid DNA and 4 l of DMRIE-C reagent (Invitrogen) were used per coverslip. The cells were incubated for 4 h in the transfection mixture, which was then replaced with fresh culture medium. Positive clones overexpressing Bax were selected with 1 mg/ml G418 for 2 weeks. The transfected cells were visualized by fluorescence microscopy.
Apoptosis Assays and Fluorescence Microscopy-Apoptosis was induced by incubation for the indicated times with H 2 O 2 , 500 M X, or 0.1 units of XO in culture medium. The percentage of living cells with high mitochondrial membrane potential was determined by 3,3Ј-dihexyloxacarbocyanine iodide and propidium iodide staining, followed by flow cytometry. Apoptotic cells were identified as Annexin V ϩ cells. Nuclear condensation was assessed by staining with DAPI. Cells were grown to 70% confluence on a coverslip. Mitochondria was stained with 50 nM MitoTracker Red CMXRos at 37°C for 20 min, and the cells were washed twice with phosphate-buffered saline and then fixed with freshly prepared 3.7% formaldehyde at 37°C for another 20 min. Cell images were captured with a LSM 510 Zeiss confocal microscope.
Cell Fractionation-Cells were fractionated by differential centrifugation as previously described (3, 19) . Briefly, cells were harvested and resuspended in 3 volumes of hypotonic buffer (210 mM sucrose, 70 mM mannitol, 10 mM Hepes, pH 7.4, 1 mM EDTA) containing 1 mM phenylmethylsulfonyl fluoride, 50 mg/ml trypsin inhibitor, 10 mg/ml leupeptin, 5 mg/ml aprotinin, and 10 mg/ml pepstatin. After gentle homogenization with a Dounce homogenizer, cell lysates were centrifuged at 1,000 ϫ g for 5 min to remove unbroken cells and nuclei. The supernatant was collected and centrifuged at 10,000 ϫ g to pellet the mitochondria-enriched heavy membrane fraction. The supernatant was further centrifuged at 100,000 ϫ g to obtain a cytosolic fraction. To determine the mitochondrial membrane integral Bax, the mitochondrial pellets (1 mg of protein/ml) were resuspended in freshly prepared 0.1 M Na 2 CO 3 (pH 11.5) and incubated for 20 min on ice. The membranes were then collected by centrifugation.
SDS-PAGE and Immunoblotting-SDS-PAGE and immunoblotting were performed as described elsewhere (3, 20) . Briefly, the cells or the membrane fractions were resuspended in lysis buffer containing Nonidet P-40 (10 mM Hepes, pH 7.4, 2 mM EGTA, 0.5% Nonidet P-40, 1 mM NaF, 1 mM NaVO 4 , 1 mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol, 50 g/ml trypsin inhibitor, 10 g/ml aprotinin, and leupeptin) and placed on ice for 30 min. The lysates were centrifuged at 12,000 ϫ g for 12 min at 4°C, and the protein concentration was determined. Equivalent samples (30 g of protein) were subjected to SDS-PAGE on 12% gels. The proteins were then transferred onto nitrocellulose membranes and probed with the indicated antibodies followed by the appropriate secondary antibodies conjugated to horseradish peroxidase (KPL, Gaithersburg, MD). Immunoreactive bands were visualized using enhanced chemiluminescence (Pierce). The molecular sizes of the proteins detected were determined by comparison with prestained protein markers (Invitrogen).
Detection of Bax Conformational Change-This assay was performed as described previously (3) . Cytosolic or mitochondrial fraction was lysed with Chaps lysis buffer (10 mM Hepes, pH 7.4, 150 mM NaCl, 1% Chaps) containing protease inhibitors as described. The cell lysates were normalized for protein content, and 250 g of total protein was incubated with 1 g of anti-Bax 6A7 monoclonal antibody in 500 l of Chaps lysis buffer at 4°C for 3 h or overnight. Then 25 l of protein G-agarose was added, and the reactions were incubated at 4°C for an additional 2 h. The beads were washed three times in Chaps lysis buffer, boiled in loading buffer, and the conformationally changed Bax protein in the immunoprecipitates was subjected to SDS-PAGE and immunoblot analysis with anti-Bax polyclonal antibody as described above.
Cross-linking of Bax Protein-Following H 2 O 2 treatment, cells were washed with conjugating buffer containing 150 mM NaCl, 20 mM Hepes (pH 7.2), 1.5 mM MgCl 2 , and 10 mM glucose. Disuccinimidyl suberate in DMSO was added from a 10-fold stock solution to a final concentration of 2 mM (3, 21) . The samples were incubated at room temperature for 30 min with no reduced buffer, and the cross-linker was then quenched by the addition of 1 M Tris-HCl (pH 7.5) to a final concentration of 20 mM and incubation at room temperature for 15 min. The samples were then solubilized in 0.5% Nonidet P-40 lysis buffer without a reducing agent and centrifuged at 12,000 ϫ g for 10 min. Bax was detected by Western blotting with anti-Bax polyclonal antibody.
Determination of Bax Redox Status-HCT116 (Bax Ϫ/Ϫ ) cells overexpressing GFP-Bax and Bax mutants were treated with H 2 O 2 for indicated times and lysed with no reduced buffer. Aliquots of the cells were mixed with one-tenth volume of 100% trichloroacetic acid. Precipitated cells were collected by centrifugation, and the pellet was dissolved in 40 l of reaction buffer (0.1% SDS, 0.67 M Tris-HCl, pH 7.5) supplemented with a mixture of protease inhibitors with 15 mM freshly prepared 4-acetamido-4Ј-maleimidylstilbene-2,2Ј-disulfonic acid (AMS; Molecular Probes). Samples were incubated for 30 min at room temperature and for 10 min at 37°C and then loaded on SDS-PAGE. Bax was detected by Western blotting with anti-Bax polyclonal antibody (22) . Alkylation with AMS adds ϳ500 Da of molecular mass to every sulfhydryl group. When run on nonreducing SDS-PAGE, proteins in their reduced (alkylated) and oxidized (nonalkylated) forms can be resolved by the increase in molecular weight due to the addition of AMS.
RESULTS

H 2 O 2 -induced Bax Translocation and Nuclear Condensation in SW480 Colon
Cancer Cells-We established the GFP-Bax SW480 colon cancer cell line stably expressing wild-type human Bax fused to GFP at its N terminus (GFP-Bax) and cells carrying the empty vector (GFP-SW480 cells). We then studied Bax translocation and nuclear condensation in response to H 2 O 2 treatment. GFP was diffuse in the cytosol of both cell lines before treatment and became punctate and co-localized with the mitochondria in 40 -50% of GFP-Bax cells but not in GFP-SW480 cells 6 h after treatment. Thus, GFP-Bax, but not GFP alone, could sensitize the cells toward apoptosis. The punctate Bax fluorescence overlapped with Mitotracker staining. Nuclear condensation occurs in the Bax translocated cells (Fig.  1, A and B) , suggesting that H 2 O 2 -induced Bax translocation causes typical apoptosis. Bax translocation and H 2 O 2 -induced cell death were blocked by pretreatment of the cells with a commonly used antioxidant, NAC (Fig. 1, A and B) , indicating that ROS-induced apoptosis is associated with Bax translocation. Under the high dose of H 2 O 2 (100 M) and long duration of the treatment (10 h) SW480 cells expressing GFP only or vector control are sensitive to H 2 O 2 -induced apoptosis, whereas under the physiological dose of H 2 O 2 (25 M) and short time (6 h) the endogenous Bax proapoptotic activity was not detected (supplemental Fig. 1A ). These data indicated that only under this condition endogenous Bax is not activated.
We also investigated whether H 2 O 2 -induced Bax translocation and apoptosis were inhibited by Bcl-x L overexpression. Wild-type Bcl-x L was expressed in GFP-Bax-overexpressing cells. As expected, we found that Bax translocation and cell death were clearly inhibited by Bcl-x L overexpression in GFPBax cells (Fig. 1C) . However, mitochondria become fragmented even in cells overexpressing Bcl-x L , which prevents H 2 O 2 induced Bax translocation, cyt c release, and apoptosis (data not shown).
Cysteine 62 of Bax Is Critical for Bax Translocation to Mitochondria in H 2 O 2 -induced Apoptosis-
We analyzed the degree of conservation of two cysteine residues at positions 62 and 126 of Bax (supplemental Table 1 ) and found that exempted isoform ␦ cysteine 62 is conserved for all the different isoforms. In addition, we found that this cysteine is conserved from Epinephelus coioides to humans.
We reasoned whether these two highly conserved residues may be responsible for H 2 O 2 -induced Bax activation. Thus, we established SW480 cell clones stably expressing recombinant GFP-Bax plasmids carrying mutations corresponding to cysteine to serine substitutions at position 62 (GFP-Bax C62S) or 126 (GFP-Bax C126S) or both (GFP-Bax C62S/126S). These different cells expressed equivalent amounts of Bax, and the level is similar to endogenous Bax expression ( Fig. 2A ). We used a physiologically relevant concentration (25 M) of H 2 O 2 to treat the stably transfected cells for various times. H 2 O 2 induced apoptosis in a time-dependent manner in GFP-Bax and GFP-Bax C126S. However, H 2 O 2 -induced apoptosis in cells expressing GFP-Bax C62S, and a double mutant is significantly reduced (Fig. 2B) . The mitochondrial membrane potential was maintained in the cells expressing GFP-Bax C62S and the double mutation, but not in cells expressing GFP-Bax C126S, after H 2 O 2 treatment (Fig. 2B) . High doses of H 2 O 2 (above 100 M) induced cell lysis in all different cell types.
Microscopic analysis indicated that wild type GFP Bax and Bax C126S became punctate and redistributed to mitochondria following H 2 O 2 treatment for 6 h (Fig. 2C ). In contrast, Bax carrying the cysteine 62 to serine substitution in GFP-Bax C62S cells and GFP-Bax C62S/C126S cells was diffuse in the cytosol and did not translocate to mitochondria following H 2 O 2 treat-ments. However, mitochondria become fragmented in those cells expressing the C62S mutation. As expected, no nuclear condensation was observed in GFP-Bax C62S and double mutant cells. When cysteine 62 of Bax was mutated, only background levels of Bax translocation and apoptotic cells were obtained following H 2 O 2 treatment (Fig. 2D ). These results show that H 2 O 2 -induced mitochondrial translocation of Bax requires cysteine 62.
Cysteine 62 of Bax Is Necessary for the Bax Conformational Change and Its Oligomerization during H 2 O 2 -induced
Apoptosis-Conformational change of Bax represents a key step for its activation and subsequent apoptosis. We thus analyzed the conformation change of our stably expressed GFPBax mutants during apoptosis using anti-Bax 6A7 monoclonal antibody that specifically recognizes the conformationally changed Bax protein (2, 3) . Following H 2 O 2 treatment, Bax conformational change was detected only in cells expressing GFP-Bax and GFP-Bax C126S (Fig. 3A) . As expected, this Bax conformational change was inhibited by NAC (Fig. 3A) and SOD mimetic (data not shown). This experiment shows that sporine (STS) (data not shown). The oligomerization of Bax has previously been reported to occur only in apoptotic cells and possibly mediates cyt c release (3, 23) . Following H 2 O 2 treatment, GFP-Bax and GFP-Bax mutant cells were exposed to the membrane-permeable cross-linking agent disuccinimidyl suberate and subjected to SDS-PAGE and immunoblotting (Fig. 3C) . A GFP-Bax-immunoreactive band of ϳ48 kDa was detected in GFP-Bax and GFP-Bax mutant SW480 cells. Following H 2 O 2 treatment, two Bax-immunoreactive bands of ϳ90 and 140 kDa were detected with GFP-Bax and GFP-Bax C126S cells but not with GFP-Bax C62S or double mutant cells. As expected, Bax oligomerization was inhibited by NAC (Fig.  3C) and by Bcl-x L (not shown).
We next examined the distribution of the oligomerized Bax. Cells were treated with H 2 O 2 for the indicated time and fractionated for analysis by Western blotting. It was found that oligomerized Bax only existed in mitochondria (Fig. 3D) . Bax oligomerization started after 3 h of treatment and peaked after 6 h in isolated mitochondria. It appears that this event is later than the occurrence of Bax conformational change (see Fig. 3B , 2 h) and its translocation. In the same conditions, we did not observe oligomerized Bax or conformationally changed Bax in the cytosol (data not shown). The cysteine 62 to serine substitution prevents Bax oligomerization in H 2 O 2 -induced apoptosis. These data showed that cysteine 62 is important for H 2 O 2 -induced Bax conformational change and subsequent oligomerization at mitochondria.
The endogenous Bax conformational change, its oligomerization, and translocation to the mitochondria during H 2 O 2 -induced apoptosis could be detected only 10 h after H 2 O 2 treatment in SW480 cells. Under the conditions used in this study, a physiological dose of H 2 O 2 (25 M) and short time (6 h), the endogenous Bax conformational activation is not detected (supplemental Fig. 1, B-D) . This is in sharp contrast to the data obtained with wild type GFP-Bax and Bax C126S that could be oligomerized and redistributed to mitochondria and subsequent cell death following H 2 O 2 (25 M) treatments for 6 h (Figs. 2B and 3, A and D) . 
Cysteine 62 to Serine Substitution Prevents cyt c Release and Caspase-3 Processing Associated with H 2 O 2 -induced Apoptosis-
The release of cyt c and activation of caspase-3 are causally linked to Bax activation during the onset of apoptosis. As expected, following H 2 O 2 treatment, cyt c is released from mitochondria into cytosol in GFP-Bax and GFP-Bax C126S cells but not in GFP-Bax C62S and GFP-Bax C62S/C126S cells (Fig. 4, A and B) . In contrast to the mitochondrial localization in untreated cells, cyt c staining became, in part, diffuse 3 h after H 2 O 2 treatment in GFP-Bax cells and GFP-Bax C126S cells. Bax translocation from the cytosol to mitochondria started 2 h and peaked 3 h after the treatment. Furthermore, caspase 3 was processed only in GFP-Bax and GFP-Bax C126S cells (Fig. 4B) . These results suggest that cysteine 62 of Bax by H 2 O 2 is required for cyt c release and caspase activation.
Cysteine 62-dependent Bax Activation Requires the Function of the Bax BH3 Domain-The reaction of cysteine residue with ROS could result in the conformational change of Bax, leading to the exposure of the BH3 domain of Bax, which is essential for the proapoptotic activity of Bax (24) . To directly prove the involvement of BH-3 in H 2 O 2 induced apoptosis, we first removed the IGDE amino acids from the BH3 domain of Bax (Fig. 5A) , which was reported to be critical for Bax proapoptotic activity (24) . A polyclonal stable cell line that expresses mutated GFP-Bax C126S ⌬IGDE and a monoclonal cell line expressing GFP-Bax C126S were generated (Fig. 5B) . Following H 2 O 2 treatment, GFP retained its diffuse cytosolic localization in GFP-Bax C126S ⌬IGDE cells with no nuclear condensation. As expected, GFP-Bax C126S cells exhibited Bax translocation and apoptosis (35%). There was no conformational change in GFPBax C126S ⌬IGDE cells, whereas the Bax conformation change was detected in GFP-Bax C126S cells (Fig. 5C) . Thus, the cysteine 62-dependent activation of Bax by ROS requires a functional Bax BH3 domain.
Cysteine 62 Is Necessary for H 2 O 2 -Bax Activation in HCT116
Bax-deficient Cells-Cells deficient in Bax are highly resistant to drug-induced apoptosis, and ectopic expression of wild-type Bax abolishes this resistance to apoptosis (25) . To rule out the involvement of endogenous Bax in the cysteine 62-mediated Bax translocation and proapoptotic activity, we transiently expressed GFP-Bax and GFP-Bax mutants in HCT116 (Bax Ϫ/Ϫ ) cells. Transfection of GFP-Bax and GFP-Bax mutant causes cell death when the expression levels were high (as judged by its higher fluorescence). Cells that survived in the presence of a certain level of Bax were then treated with H 2 O 2 . These different cells expressed an equivalent amount of Bax (supplemental Fig. 2, A and B) .
) cells expressing wild type GFP-Bax and GFP-Bax C126S are sensitive to H 2 O 2 -induced cell death (Fig.  6A) . In contrast, both GFP-Bax C62S and GFP-Bax C62S/ C126S cells remained resistant to H 2 O 2 -induced apoptosis. Bax translocation was also observed in wild-type GFP-Bax and GFP-Bax C126S but not in GFP-Bax C62S or double mutant cells. Findings concerning the cysteine 62 to alanine substitution in H 2 O 2 -induced mitochondrial translocation of Bax were similar (GFP-Bax C62A, supplemental Fig. 2C ). These findings confirm that H 2 O 2 -induced Bax translocation and the proapoptotic activity of Bax are dependent on the presence of cysteine 62 in an endogenous Bax-deficient background.
Concerning the other mutants in BH3 (GFP-Bax C126S/ K64A, GFP-Bax C126S/K57A/K58A, and GFP-Bax C126S/ L70A), mutation K64A had little effect in altering the subcellular distribution of Bax, whereas mutation of L70 resulted in constitutive activation of Bax and subsequent cell death. Cells expressing all of the mutant forms of Bax are sensitive to H 2 O 2 in Bax-deficient HCT116 cells (supplemental Fig. 2C ). These results suggest that the mutation of these amino acids residues does not alter the H 2 O 2 -dependent activity of cysteine 62.
To confirm our hypothesis that cysteine residues indeed react with intracellular ROS, we investigated the redox status of Bax following H 2 O 2 treatment. We used AMS to alkylate thiols of the protein cysteine residues in transfected HCT116 (Bax Ϫ/Ϫ) cells by GFP-Bax and GFP-Bax mutants, followed by the Western blot analysis. Alkylation with AMS adds ϳ500 Da of molecular mass to every sulfhydryl group. When run on nonreducing SDS-PAGE, proteins in the reduced (alkylated) and oxidized (nonalkylated) forms can be resolved by the increase in molecular weight due to the addition of AMS. As expected, we observed two differently migrating forms of GFP-Bax and its mutants before and after treatment with hydrogen peroxide ( Fig. 6B ). In the absence of H 2 O 2 , GFP-Bax and its single mutants exist in the reduced form, but the double mutant cannot react with AMS and thus retains its molecular weight. Bax has only two cysteines, but in our conditions, AMS cannot distinguish the reaction on singular or double cysteine residues. Following the 25 M H 2 O 2 treatment, we observed the oxidized form for all of the samples, indicating that wild type and mutant forms containing cysteine were oxidized (Cys-126 in the C62S mutant; Cys-62 in the C126S mutant). As expected, the double mutant lacking cysteines cannot be oxidized and alkylated with AMS. These results show that both cysteines (Cys-62 and Cys-126) of Bax can be directly oxidized by H 2 O 2 .
Cysteine 62 Specifically Reacts with ROS, but Not with NO, for Promoting Bax Activation and Apoptosis-We then examined the effect of other inducers of apoptosis capable or not of generating ROS to demonstrate the specificity of Bax cysteine 62. We examined the effect of STS on Bax activation and apoptosis. Cells expressing all of the mutant forms of Bax are sensitive to STS-induced apoptosis both in SW480 cells (not shown) and in Bax-deficient HCT116 cells (Fig. 6, C and D) . STS could induce Bax translocation into mitochondria in cells carrying different mutated Bax. These results suggest that the mutation of these cysteine residues does not alter Bax function and proapoptotic activity in STS-induced apoptosis. Findings with campothecin were similar (supplemental Fig. 3 ). We then used X and XO to generate O 2 . (14). GFP-Bax and GFP-Bax mutant cells were exposed to X (500 M) and XO (0.1 units) or both for 6 h. Confocal microscopy analysis showed that neither X nor XO alone induced Bax translocation or significant apoptosis. The combination of X and XO induced Bax translocation and apoptosis in GFP-Bax and GFP-C126S cells (35% apoptotic cells) but not in the Bax C62S or double mutant cells (Fig. 6, E and F) . Next, we examined the effect of NO on Bax activation and apoptosis. We used diethylamine NONDate and S-nitroso-Nacetylpenicillamine, two commonly used NO donors, to generate NO (26) . GFP-Bax and GFP-Bax mutant cells were exposed to DEANO for 6 h. The GFP-Bax cells treated with DEANO showed only 2% apoptotic cells as assessed by confocal microscopy (Fig. 6, E and F) . Findings with S-nitroso-N-acetylpenicillamine were similar (data not shown). These data reveal that cysteine 62 of Bax specifically reacts with H 2 O 2 and O 2 . , but not with NO, to induce apoptosis.
DISCUSSION
The principal finding of this paper concerns the molecular mechanisms by which Bax is activated and translocated to the mitochondria by intracellular ROS. We identified the conserved Cys-62 as a critical residue for Bax conformational change and its translocation to mitochondria during H 2 O 2 -induced apoptosis. Mutation of cysteine 62, but not cysteine 126, abolished the proapoptotic activity of Bax and its homo-oligomerization in response to H 2 O 2 but not other death stimuli, such as STS and NO. This H 2 O 2 activation of Bax appears to be specific, because NO donors did not activate Bax, and this effect was strongly inhibited by overexpression of Bcl-X L (Fig. 1C) , by SOD mimetic (data not shown), and by the ROS scavenger NAC (Fig. 1A) .
We first show experimentally that ROS could be a direct signal for Bax activation and H 2 O 2 -induced cell death. The messenger function of H 2 O 2 to activate Bax requires that its concentration increase above a certain threshold level. Mitochondria are a major source of superoxide anion that can be converted into H 2 O 2 ; the latter can be released from mitochondria into cytosol. It is possible that the high levels of H 2 O 2 released from mitochondria (8, 27, 28) could trigger Bax activation and its translocation to mitochondria for subsequent apoptosis under pathophysiological conditions. Even at mild oxidative burst, mitochondrial ROS formation may be comparable with that of NADPH oxidase, which could produce a high concentration of ROS (29) . Since there is an equilibrium between the mitochondria-associated Bax (noninsertional) and cytosolic Bax, Bax could be primed (3, 8) or undergo a conformational activation when mitochondrial ROS increase to a high level. In this case, it is possible that Bax could be activated and targeted to mitochondria without the aid of other proapoptotic Bcl-2 family proteins, as previously suggested. Indeed, Bax does not interact with other BH3-containing proapoptotic molecules, at least in cytosol (11) . Our results may explain how overexpressing Bcl-x L , which mainly localized at the outer membrane of mitochondria, effectively prevented the Bax conformational change and oligomerization, which only occur in the MOM in our system. Bcl-x L protects mitochondrial functions and thereby inhibits mitochondrial ROS. We did observe that mitochondrial is fragmented in cells overexpressing Bcl-x L, which are resistant to H 2 O 2 treatment. This indicates that mitochondrial fragmentation is independent of H 2 O 2 -induced apoptosis. These results are in agreement with previous reports showing that Bcl-2 cannot prevent mitochondrial fragmentation (30, 31) . It was proposed that mitochondrial fragmentation is a prerequisite for MOM permeabilization and cyt c release during apoptosis (32) . However, other results suggest that mitochondrial fragmentation is not a prerequisite for mitochondrial cyt c release and apoptosis and that MOM permeabilization and cyt c release can occur without mitochondrial fragmentation (33), although there is extensive mitochondrial fragmentation during apoptosis. Further studies are under way to examine whether and how mitochondrial ROS activate Bax during apoptosis in the normal cellular context and how mitochondrial fragmentation is related to cyt c release and apoptosis.
The change of the redox status of cysteine residues could have a profound effect on the conformation of Bax (34) . Computer simulation showed that both of the two cysteine residues of Bax (Cys-62 and Cys-126) may form disulfide bridges within or between Bax molecules following treatment with H 2 O 2 , although this dimerization appears to be independent of apoptosis (27) . Cysteine residues can be oxidized by H 2 O 2 to form a Cys-SOH, which then reacts with a neighboring cysteine to form a disulfide (18) . This disulfide can then be reduced by GSH or by thioredoxin, two abundant antioxidant molecules. Thus, it is likely that intracellular ROS functions as a redox signal and is involved in a reversible reaction with Cys-SH. The specific requirement for cysteine 62 for Bax activation may be because it is located in the BH3 domain, whereas cysteine 126, which is not required, is located within ␣-helices 5 and 6. Oxidation of cysteine 62, but not cysteine 126, probably resulted in the exposure of N-terminal domain and C-terminal transmembrane domain, leading to its lethal attack on mitochondria. Indeed, the BH3 domain of Bax is critical for its apoptotic function, since deletion of the IGDE motif in the BH3 domain of Bax or removal of the entire BH3 domain prevented Bax protein homodimerization and cell death of mammalian cells (24) . Previous work using NMR and analysis of mutations revealed that the Bax BH3 domain, in particular the side chains of the hydrophobic residues of Leu-59, Leu-63, Ile-66, and Leu-70, are critical for Bax conformational changes and dimerization (10) . We confirmed that Leu-70 mutation, but not cysteine residues, resulted in the constitutive activation of Bax, as previously reported (35) . Thus, we first demonstrated that the cysteine residue within the BH3 domain does not result in a constitutive activation, but it is required for Bax conformational change, subsequent homodimerization, and oligomerization at the mitochondria in response to H 2 O 2 . This may not be the only mechanism for Bax activation, since the mutant form of Bax at the 62-position is sensitive to STS (Fig. 6, C and D) and to campothecin (supplemental Fig. 3 ). Our results indicate that the modes of apoptosis caused by hydrogen peroxide and staurosporine are different, although both agents cause apoptosis through activating Bax prior to its translocation to mitochondria. It is worth noting that previous study showed that both STS and high doses of H 2 O 2 promote Bax activation through phosphorylation by c-Jun N-terminal protein kinase (17) . We also found that deletion of the ␣H5 and -6 domains inhibited Bax translocation to mitochondria and apoptosis (data not shown). This is in agreement with another report indicating that deletion of the pore-forming domain of ␣H5 and -6 prevented insertion of Bax into mitochondrial membranes and greatly reduced the cyt c-releasing activity of Bax (36) .
In conclusion, we found that the highly conserved cysteine 62 of Bax is essential for the Bax conformational change, its translocation to mitochondria, and Bax oligomerization, which result in cyt c release and caspase-3 processing associated with H 2 O 2 -induced apoptosis. Our data showed that ROS could be a direct signal for activating Bax conformational changes by chemically reacting with cysteine residues. Mutation of Bax is closely related to many types of cancers, including colon cancers (20) . Our results thus implicate that manipulation of Bax targeting to mitochondria by changing the redox status could be useful for cancer therapy.
